Abstract: It is well known that D-brane instantons can generate contributions to the effective superpotential of gauge theories living on D-branes which are perturbatively forbidden by global U(1) symmetries. We extend this idea to theories with supersymmetry breaking, studying the effect of D-brane instantons stretched between the SUSY-breaking and visible sectors. Analogously to what happens in the SUSY case, this mechanism can give rise to perturbatively forbidden soft terms (among other effects). We introduce and discuss general properties of instanton mediation. We illustrate our ideas in simple Type IIB toroidal orientifolds. As a bi-product, we present a string theory realization of a Polonyi hidden sector.
Introduction
Supersymmetry (SUSY) is one of the most concrete ideas for stabilizing the large hierarchy between the weak scale (∼100 GeV) and the Planck scale (∼ 10
19 GeV). However, SUSY is not a symmetry of the low energy world we inhabit or even of the world that has been explored by high energy experiment thus far. As a result, we require that supersymmetry be broken at scales above those already probed. In order not to spoil the supersymmetric stabilization of the large hierarchy between weak and gravitational physics, however, we demand that the scale of supersymmetry breaking be roughly O(1-10 TeV).
Furthermore, since SUSY requires the existence of a 'superpartner' of opposite statistics and equal mass for each field in the Standard Model, the corresponding masses for these superpartners must be large enough so that they could have avoided detection in experiment thus far. On general grounds, one can then show that a model of SUSY breaking in which the Supersymmetric Standard Model fields themselves spontaneously break SUSY is ruled out since otherwise some of the scalar quarks ('squarks' for short) would have a mass smaller than the up quark mass [2] .
Thus, in order to have phenomenologically viable models, we are left with a situation in which SUSY must be explicitly broken in the interactions of the Standard Model fields. One can then adopt a paradigm in which the theories of interest consist of two sectors: one, a so-called 'visible' sector that corresponds to the MSSM or an extension of the MSSM and a separate 'hidden' sector where (spontaneous) SUSY breaking occurs. In order to have a complete model, one must specify a mechanism that communicates, or, in the language of the literature, 'mediates' the SUSY breaking of the hidden sector to the visible sector. Known examples of such mediation mechanisms include gauge mediation, where SUSY breaking is communicated via loops of fields charged under the visible sector gauge group that acquire a non-supersymmetric mass due to couplings with fields that acquire SUSY breaking vevs and gravity mediation, where one generates couplings between the hidden and visible sector from integrating out Planck scale states. Now, any mechanism that breaks SUSY must not reintroduce quadratic divergences into the effective action of a supersymmetric extension of the Standard Model through renormalizable operators. SUSY breaking that satisfies this condition is termed 'soft' SUSY breaking and can be parametrized by a set of so-called 'soft' terms in the Lagrangian [1] . 1 In general, the number of such terms is large. Indeed, even in the relatively simple case of the Minimal Supersymmetric Standard Model (MSSM), the number of soft terms is 105. This plethora of possible new parameters in the Lagrangian seems to introduce unwanted arbitrariness. Nevertheless, most of the possible choices of soft terms give rise to unacceptable flavor and CP violation, so we are actually left with a constrained slice of parameter space. A major goal of model building is to come up with SUSY breaking and mediation mechanisms that result in such constrained soft terms.
In addition to successfully satisfying the various phenomenological requirements listed above, an appealing mediation mechanism should have distinctive soft signatures that can be picked out in collider experiments, and, ideally, a simple characterization of its parameter space. 2 One might then even hope that the soft signature of the mediation mechanism could shed some light on the physics of the SUSY breaking sector.
String theory compactifications provide a natural and consistent laboratory in which to better understand the physics of theories with visible and hidden sectors. In these constructions, the two sectors correspond to different sets of (anti) D-branes separated in the extra dimensions. Various mediation mechanisms can then communicate SUSY breaking. They can be classified according to the string sector involved. We can have, for example: open string mediation (gauge mediation), closed string mediation (gravity mediation) and open/closed mixed mediation (RR p-form topological mediation, which uses RR p-forms to couple U(1) gauge fields in the visible and hidden sectors [4] ). More importantly, string theory furnishes a geometrical interpretation of the various SUSY breaking parameters and hence could lead to additional insight into the SUSY breaking physics that is difficult to obtain from field theoretic techniques alone.
As the above examples demonstrate, string theory comes with a whole host of unique objects that can be used in constructing mediation mechanisms. The goal of this paper is to describe another such mechanism. In particular, we will find that our mechanism has some rather unique properties that do not follow from the standard phenomenological literature on SUSY breaking mediation.
In particular, we will study the effects of Euclidean D-branes localized at a point in the non-compact four dimensions-so-called 'D-brane instantons'-stretching between the hidden and visible sectors. 3 Upon integrating over the massless, charged zero mode strings stretching between the D-instanton and the hidden and visible sectors, we generate operators that couple the two sectors. 4 Roughly speaking, if the hidden 2 Recent work on gauge mediation shows that, under a careful but rather broad definition, it satisfies these principles, since it generically features special linear relations between scalar masses and also has a tightly-controlled parameter space governed by a small number of hidden sector current-current correlators [3] . 3 In the last year and a half, there has been a surge in the study of D-brane instantons, mainly due to their ability to generate superpotential couplings that are perturbatively forbidden by U (1) symmetries. Many applications have been investigated, such as the cure of runaway directions in models that dynamically break SUSY [5] , neutrino masses and mu terms [6, 7, 8, 9, 10] , R-symmetry breaking and metastability [11] , Yukawa couplings in GUT models [12] and SUSY breaking models with and without non-abelian gauge dynamics [13, 14] . In this paper, we take the natural step of extending these ideas to the non-supersymmetric realm. 4 It is important to notice that the strength of D-brane instantons is not related to the strength of sector breaks SUSY, these operators can then generate soft terms for the visible sector fields. In this sense, the D-brane instantons mediate SUSY breaking. Furthermore, our mediation mechanism has no known field theoretical analog. More generally, we expect D-brane instanton mediation to be present in a variety of string theory constructions. Hence, it deserves to be studied, regardless of whether it is the dominant mediation mechanism or not.
In this paper, we find the following simple characterization of D-instanton mediation:
• D-instantons can generate soft terms that are perturbatively forbidden by U (1) symmetries and hence cannot be generated by gauge mediation. They can also produce couplings that do not violate any U(1) global symmetry, as in the example in section 4.2 and general models discussed in section 6.
• There is a natural hierarchy of soft terms that is parameterized by the volumes wrapped by the corresponding D-instantons.
• One can easily write down examples where the geometric conditions for SUSY breaking imply a particular hierarchy of soft terms from the mediating instantons.
• D-instanton mediation is sensitive to the details of the SUSY breaking sector. In particular, if the SUSY breaking sector is a D-brane gauge theory that dynamically breaks SUSY, then D-brane instantons generate chiral gauge invariant operators that correspond to their orientation (or, more precisely, the homology cycle they wrap). In particular, some SUSY breaking hidden sectors fail to generate soft terms via this form of mediation since the mediating D-instantons project onto a subspace of vanishing chiral gauge invariants.
From a model building perspective, the last three points are potentially quite interesting. Significantly, they follow rather simply from the fact that our mediators have a clear geometrical interpretation.
Let us briefly summarize the plan of this paper. In the next section, we will discuss in much greater detail the idea behind D-instanton mediation. Then we will quickly introduce the machinery of toroidal orientifolds with D-branes and D-instantons as a warm-up for some specific examples we then engineer in this setup. We will conclude with a brief and admittedly incomplete phenomenological discussion.
One of the main issues we do not address in this paper, but should certainly be studied, is the stabilization of compactification moduli, the dilaton and D-brane any MSSM instanton. Hence, they can be much less suppressed. moduli after SUSY breaking. We have chosen to focus on the question of whether SUSY breaking mediating interactions can be generated by D-brane instantons, under the assumption that it can be disentangled from moduli stabilization. With this as our main goal, we do not try to engineer fully realistic or complete models of D-instanton mediation, but rather we discuss the basics of this mechanism in a few simple and illustrative toy examples. We leave a more detailed analysis to future work.
General idea

Coupling visible and hidden sectors via D-brane instantons
First, we will review the basics of how to generate chiral operators from Euclidean Dp-branes (Ep-branes for short). Since some of the soft terms (e.g., A-terms, B-terms, etc.) will be generated by products of chiral operators, we will be interested in this well-studied case. However, we will also discuss the possibility of generating non-chiral operators from instanton anti-instanton combinations (or, simply from single, non-BPS instantons [20, 21] ) as well, since such operators can give rise to non-holomorphic soft masses.
We begin by imagining a space-filling D-brane sector that the various Ep-branes interact with. This could be a set of fractional branes at a singularity or a set of intersecting D-brane stacks. The physics of the Ep-brane interactions with the D-brane sector can be encoded in an extended quiver diagram of the form shown in Figure 1 .
The circles denote two of the gauge groups that are part of a larger quiver living on the set of space-filling D-branes. X ij corresponds to a combination of chiral fields transforming in the bifundamental representation of SU(N) (i) × SU(N) (j) . The ranks of both gauge groups must be the same in order to have a non-vanishing instanton contribution. Note that X ij can simply be a single bifundamental field or, more generally, a product of the form X ij = X i k 1 X k 1 k 2 . . . X knj , where we sum over the intermediate color indices. In section 6, we discuss this possibility in more detail. The square node in the extended quiver indicates the Ep-brane. Charged fermionic zero modes, represented by the Grassman variables α and β, arise at the intersections between the spacefilling D-branes and the instanton. The instanton action then contains a term of the form
Let us now discuss the neutral fermionic zero modes-these arise from strings that have both ends on the instanton. We will focus on orientifolded Calabi-Yau compactifications with D-branes, leading to N = 1 SUSY in 4d. Since the Ep-brane breaks 1/2 of the SUSY it therefore has two fermionic zero modes, the goldstinos, living on it-these are represented by the Grassman variables, θ α . Generically, there are two additional fermionic zero modes on the instanton due to the 'accidental' N = 2 SUSY seen by the Ep-Ep sector. This issue was first discussed and clarified through explicit computations in some orbifold models in [22, 23] . In order to saturate the superspace measure and generate a non-vanishing contribution to the superpotential, there must be only two neutral fermionic zero modes on the instanton. A straightforward way of getting rid of the accidental neutral zero modes is to project them out by placing the instanton on top of an orientifold plane with an O(1) projection.
5 Then, after a straightforward Grassman integration over the charged zero modes, we obtain the following contribution to the 4d effective superpotential
where V Σ is the volume in string units of the cycle, Σ, wrapped by the instanton. In this expression and future ones, we omit a numerical multiplicative constant that we assume to be of O(1).
In orientifold singularities, the SU(N) (i) and SU(N) (j) nodes might be identified by the orientifold. In this case, depending on the charge of the corresponding O-plane, X ij is projected into a 2-index (conjugate) symmetric or antisymmetric representation 5 We can also consider using 3-form fluxes to lift the additional fermionic zero modes -see [17] and [18] for a further discussion of this point. We will later comment on this scenario. Another possibility would be to consider a two-instanton contribution where the extra neutral zero modes are lifted by interactions between the two instantons [19, 20, 21] .
of the resulting single SU(N) factor. Furthermore, we get a single (anti)fundamental fermionic zero mode α. In this case, the instanton action contains the coupling
where X transforms in the or representations, while α transforms in the representation (of course, we could also have the conjugate representations). We write the color indices a and b explicitly-they should not be confused with the quiver node labels i and j. Integrating over α we get a contribution to the effective potential that takes the form
Now, the gauge groups of quiver theories that arise on D-branes are actually U(N) = SU(N) × U(1). Any operator that does not correspond to a closed oriented path in the quiver is charged under some of these U(1) symmetries. Thus, we conclude that the instanton generated couplings (2.2) and (2.4) are perturbatively forbidden by these U(1) symmetries.
Finally, let us also note that it may be possible to generate instanton-induced corrections to the holomorphic gauge kinetic functions of the various nodes in the quiver [24, 25] e
Such corrections can arise from BPS Ep-branes that have additional neutral fermionic (non-Goldstino) zero modes and no massless modes charged under the corresponding SU(N) factor (or, indeed, under any of the other gauge groups present). In the specific examples considered in [24] and [25] such corrections arise in the world-volume theory of D6-branes that interact with E2-branes wrapping cycles with a 1-dimensional 1-homology, i.e., b 1 (Σ) = 1. These E2-branes then have the requisite additional pair of neutral fermionic zero modes (after orientifolding) that allows them to generate corrections to the D6-gauge kinetic functions. An interesting spectrum of new possibilities arises when we generalize the class of configurations we have just discussed to ones where an instanton can intersect multiple sets of D-branes that are spatially separated. For concreteness, we will specialize our discussion to compact type IIB orientifolds, in which we will study the effect of E3-branes wrapped over compact 4-cycles, Σ. Hidden Visible possible for the visible or hidden sector and its image to collapse on top of the O-plane. Our previous discussion, regarding fermionic zero modes on the instanton and their projection via an orientifold, applies to this case without changes.
The configuration can be more complicated than the simplest one, with the Ebrane intersecting additional sectors with (anti) D-branes. These extra intersections result in additional insertions of 4d fields. This is an interesting direction that is worth studying. From now on, however, we restrict our discussion to some clean models in which this situation does not arise.
Once again, the configuration can be captured by an extended quiver as shown in Figure 3 . In this case we have two pairs of nodes, representing pairs of gauge groups in the visible and hidden sectors. In addition, we have fermionic zero modes α V , β V , α H and β H connecting the instanton to bifundamental operators X (V ) ij and X (H) kl via the couplings
Upon integrating over the E3 zero modes, we generate contributions to the superpotential of the form
where
In the previous discussion, we have implicitly assumed that gauge groups are not identified by orientifold projections. The obvious modifications along the lines of (2.3) and (2.4) apply if the hidden and/or the visible sectors involve orientifold identifications. Using similar reasoning, let us also note that by taking instantons that generate the corrections, written in (2.5), to the gauge kinetic functions of the space-filling Dbranes and allowing them to intersect the hidden sector, we can generate the following operators involving the visible sector field strength superfields
Now that we have discussed the generation of chiral operators from Euclidean Dbranes stretching between the hidden and visible sectors, let us also consider the case where we obtain a non-chiral operator. One natural way to generate such an operator in this setup is to consider the contribution of an instanton anti-instanton pair wrapping an orientifold invariant cycle, since we then obtain the four neutral fermionic zero modes that make up the full N = 1 superspace measure, and we know that the opposite GSO projections in the Ep-Dp ′ and Ep-Dp ′ sectors will generate factors with opposite chirality.
We then expect the following terms involving the Ep-Dp ′ sector zero modes in the Ep action
Heuristically, we also expect the following terms involving interactions between the Ep-Ep states
2 is the distance in the non-compact four dimensional space between the instanton and anti-instanton, χ are fermionic zero modes with one end on each the instanton/anti-instanton, and ϕ is a bosonic mode stretching between the instanton and the anti-instanton. V is a potential depending on ϕ, χ, θ whose precise form is not important. Note that the terms appearing in (2.11) are analogous to the terms appearing in the corresponding D(p + 4)-D(p+4) action with ϕ playing the role of a 'tachyon' in the following sense: about ϕ = 0, we can think of the above action as describing an instanton anti-instanton pair, while about the minima with ϕ = 0 (the precise location of these minima depends on the unspecified potential, V ), the above description breaks down since the branes have annihilated. In particular, the zero mode content and interactions described in (2.6), (2.10), and (2.11) are really only an effective description of the physics about ϕ = 0 since these modes cease to exist about the minima with ϕ = 0.
Note, however, that for large x 2 − we expect the configuration about ϕ = 0 to be stable in the sense that it is a local minimum of the ϕ potential. Indeed, for large x 2 − , we can integrate out the fields ϕ and χ and so we expect to have a well-defined semiclassical contribution by the instanton anti-instanton pair to the non-chiral operator generated by integrating over the various Ep-Dp ′ and Ep-Dp ′ zero modes with the action given by the sum of (2.10) and (2.6). Physically what is happening is that the only contributions to the operator of interest come from configurations where the instanton and anti-instanton are far apart and hence non-interacting. In particular, we expect to be able to generate a contribution to the Kähler potential of the form
Note that in writing this formula we have assumed that the instantons and antiinstantons wrap the same cycle. Presumably we could also consider instantons and anti-instantons that wrap different cycles. These pairs of branes would generate contributions to the Kähler potential of the form
Finally, please note that the non-holomorphic operators in (2.13) could also be generated by single, non-BPS instantons that wrap non-holomorphic, volume minimizing cycles since these instantons also have the requisite four Goldstino zero modes, θ,θ. In fact, this is the generic case.
Instanton mediation
Let us now discuss in some more detail how this setup results in mediation of SUSY breaking from the hidden sector to the visible sector.
The visible sector consists of D-branes on which the MSSM or another supersymmetric extension of the SM is realized. We denote the chiral superfields in this sector as Φ V,i and its superpotential as W V (Φ V,i ). The hidden sector is a set of D-branes on which SUSY is broken. Its fields and superpotential are denoted Φ H j and W H (Φ H,i ) respectively. Let us focus on the case in which SUSY is broken by (some) non-vanishing F-term vev(s), F Φ H,0 -note that this state may simply be metastable with a long lifetime.
The mediating instantons described above generate an exponentially suppressed perturbation of the superpotential, W H/V (Φ V,i , Φ H,j ), coupling the two sectors. The total superpotential reads
(2.14)
This superpotential can give rise to a corresponding non-zero F-term vev(s) for some field(s), F . Note that in general F need not be equal F Φ H,0 . However, if W H/V is a small perturbation, we expect that F ∼ F Φ H,0 , and we also expect that the (meta) stability of the SUSY breaking state is not affected. This statement further assumes that some form of mediation-instanton or otherwise-generates masses for the visible sector scalars and that the SUSY breaking sector has all its moduli lifted as well. In this approximation, soft terms arise as follows. We have
Plugging the non-zero F-term into the superpotential, we see that W H/V can give rise to various SUSY breaking terms. Similarly, plugging the non-zero F-term into the instanton/anti-instanton induced perturbation to the Kähler potential described in (2.13), will yield additional, non-holomorphic SUSY-breaking terms.
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As a final comment, we note that the instanton induced-operators we have written down are generally non-renormalizable. In particular, the non-renormalizable operators will be suppressed by powers of the string scale, M s . If the F-term vevs are of the scale F ∼ M 2 s , the suppression by the instanton volume is crucial to obtaining phenomenologically reasonable SUSY breaking scales in the range of several TeV. Of course, it turns out that in many scenarios, including the examples we discuss below, it is possible to have F ≪ M 2 s . For example, this can happen in D-brane gauge theories 7 Recall that these terms could also be generated by appropriate non-BPS instantons.
that break SUSY dynamically and that have a dynamical scale Λ ≪ M s or, for certain values of the moduli, in theories where the SUSY breaking vev is generated by stringy instantons. The mediating instanton then generates an additional suppression with respect to the string scale. Whether the resulting instanton-induced soft terms are an important effect or not depends, as we will see below, on where one sits in the moduli space of the compactification (in particular, in these latter cases, the 4-cycles wrapped by the mediating instantons should be relatively small)
Possible soft terms
In this section we would like to describe more precisely which soft terms we expect to be able to generate via instanton mediation. In order to understand this point, let us first recall the general form of soft terms in renormalizable SUSY gauge theories, of which the MSSM is, of course, an example. For concreteness, consider the following superpotential
where Φ is shorthand for the various chiral superfields of the theory and W α is a field strength superfield. In general, the holomorphic soft terms are those terms that can be written as higher components of the superfield couplings. In particular, turning on F-term components of λ and M results in scalar trilinears φ 3 and scalar bilinears φ 2 called 'A-' and 'B-' terms respectively. Turning on an F-term component in τ generates a gaugino mass. From the above discussion, it should be clear that instanton mediation can generate both A-terms and B-terms. Indeed, we expect that
• Instanton mediation generates A-terms when a mediating instanton has zero modes that are charged under the gauge groups of two intersecting SU(3) nodes of the visible sector quiver or when it has zero modes that transform in the6 (6) representation of the gauge group of a visible sector SU(6) node that has an antisymmetric (conjugate antisymmetric) tensor representation after orientifolding.
• Similarly, instanton mediation generates B-terms when one considers the scenarios mentioned in the A-term generation case but with SU(2) nodes instead of SU (3), or SU(4) with an antisymmetric tensor instead of SU (6) with an antisymmetric tensor.
Now, taking into account the couplings given in (2.9), we expect that instanton mediation also generates gaugino masses in certain cases.
The remaining soft terms are non-holomorphic. For our purposes, the only interesting non-holomorphic soft terms arise from θ 4 components of the coupling Z in the Kähler potential
These soft terms are non-holomorphic soft masses,φφ. It should be obvious from the above discussion that instanton mediation also generates these terms in some cases. In particular, we find that
• Instanton mediation generates a non-holomorphic mass term for visible sector fields that run between two intersecting U(1) nodes or for visible sector fields that transform in the antisymmetric, i.e., trivial representation of an SU(2) node after orientifolding.
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Of course, instanton mediation also generically generates higher-dimension terms. However, these terms in the potential are non-renormalizable and hence the corresponding power-law corrections to the 1-PI effective action will not ruin the softness of our mediation mechanism. 
Possible hidden sectors and mediation mechanisms
Now that we have described the soft terms that we can potentially generate from our mediation mechanism, let us turn our attention to the possible SUSY breaking sectors that we can include in our setup. String compactifications feature a broad array of possible hidden sectors each of which can have either stable or metastable SUSY breaking vacua. For example, we can have:
• Sectors that realize simple SUSY breaking models without non-abelian gauge dynamics (such as Polonyi, Fayet or O'Raighfertaigh models).
• Hidden sectors that realize an ordinary gauge theory on D-branes with dynamical SUSY breaking.
8 As a brief aside, note that these instanton generated non-holomorphic mass terms could be used, for example, to give a mass to the 'right-handed' scalar neutrino. Furthermore, we should also note that we can obtain exponentially-suppressed non-holomorphic mass terms for the squarks and the other sleptons by taking the corresponding higher-dimensional instanton-generated operators-heuristically of the form e −2VΣ/gs F 2 M 2n sφ n φ n -and contracting n − 1 pairs of fields or alternatively through diagrams involving A-terms. 9 One might also worry about soft terms of the formφφφ which might generate unacceptable quadratic divergences in the effective action. Such divergences will not arise in our setups due to symmetries of our quivers.
• A hidden sector with anti D-branes.
Later we present explicit examples of the first two types of hidden sectors in the context of toroidal orientifolds where D-instanton mediation generates various soft terms. We leave a discussion involving the third type of hidden sector to future work. Also note that more than one class of hidden sector can be simultaneously present in a given compactification-for the sake of simplicity, however, all our explicit examples below will have a single type of SUSY breaking hidden sector.
On top of this, more than one mediation mechanisms can act at the same time. For example, gravity and gauge mediation 10 are always present in the sense that one always has open and closed string exchange between the hidden and visible sectors (although the exchange may be suppressed). Different mechanisms become dominant over certain regions of the moduli space. Similarly, various soft terms might get their dominant contribution from different mediation mechanisms. For instance, global symmetries will often prevent perturbative generation of certain soft terms by gauge mediation. These soft terms might instead be generated by D-instantons, and their hierarchy will then encode the relative volumes of the corresponding D-instantons.
Relative dominance of mediation mechanisms
In this section we will give a heuristic sketch of when one can generally expect different mediation mechanisms to become important in a given compactification. From our discussion above, we know that instanton mediation generates soft terms of the form
where we have denoted the different instanton volume factors V , V ′ , andṼ to underline the fact that they need not be equal in general.
11 In fact, if we want to avoid generating b that is too large (a typical problem in minimal forms of gauge mediation), then we would needṼ ∼ 2V, 2V
′ . Now we note that open and closed string mediation is also generically present in string compactifications. Therefore, a natural question is how strong instanton mediation is relative to these other mechanisms and whether it is dominant in some regime. In order to answer this, we first need to have a very basic understanding of the soft scales that are generated by open and closed string mediation. 10 We are really using these terms imprecisely as catch-all phrases for closed and open string mediation respectively 11 We have assumed that m 2 φ is generated by an instanton-anti-instanton pair in 2.18.
Consider closed string mediation first. On general grounds, we expect that mediation from integrating out massive closed string modes generates soft masses at the scale m
where the Planck mass is given by
M s , with V Y the compactification volume in string units. In fact, (2.19) represents an upper bound for massive closed string mediation. Indeed, as argued in [44] , this type of mediation can be sequestered by considering compactifications with a hierarchy of length scales. In such cases we obtain
where d ≫ R −1 is the distance between visible and hidden sectors and R −1 is, roughly speaking, a typical mass scale of a mediating bulk KK mode. In fact, string theory naturally accommodates such hierarchies of scale due to the warping associated with large numbers of D-branes-we will not, however, consider such effects in the examples we discuss below although such a study would certainly be worthwhile. It should be clear, however, that by considering, e.g., instantons wrapping 4-cycles that have smaller dimensions transverse to a principle dimension of length ∼ d, we can arrange for instanton mediation to dominate gravity mediation.
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Next, consider open string mediation. Roughly speaking, such mediation is due to open strings that stretch between the hidden and visible sectors and is characterized by a soft scale
where M g is a supersymmetric mass associated with the tension of the string
where d is, again, the distance between the visible and hidden sectors in string units and g 2 /16π 2 is a 1-loop factor of the appropriate D-brane gauge group. These soft terms arise, at least in the simple effective field theory picture (and in a simple form of gauge mediation), from integrating out 'messenger' fields (i.e., the open string modes we have described) that have acquired non-supersymmetric masses of the form M g ± F from their couplings to SUSY breaking fields in the hidden sector. For small couplings, g, we can arrange for gauge mediation to be subdominant to instanton mediation. Note that the naive effective field theory picture of open string mediation presumably breaks down for d ≥ 1 since then string oscillator states become important.
We should also again note that by our above discussion, various mechanisms may be present at once. As we have emphasized above and will see in greater detail below in our explicit examples, different mediation mechanisms-although present-may not even generate certain terms or only generate suppressed terms of a certain type.
Toroidal orientifolds
For concreteness, in this paper we focus on Type IIB compactifications using toroidal orientifolds. For a comprehensive and clear explanation of D-branes and instantons at singularities and their embeddings in toroidal orientifolds we refer the reader to [26, 27] , to whose notation we adhere. For fast reference, we collect some basic formulas needed for our constructions and give some tips that are useful for identifying D-brane instantons producing desired couplings.
We consider six-dimensional factorized tori of the form
Before orbifolding, the theory on a stack of n D3-branes is N = 4 U(n) SYM, wich contains U(n) gauge bosons, four adjoint fermions, and six adjoint real scalars. They transform in the 4 and 6 of the SU(4) R-symmetry group, respectively. We quotient by the Z Z N orbifold 13 , which acts on the fermions through the matrix 1) with α N = e i2π/N and a 1 + a 2 + a 3 + a 4 = 0 mod (N). From the action on the 4 we can easily derive the action on the 6, which is given by
where b 1 = a 2 + a 3 , b 2 = a 1 + a 3 and b 3 = a 1 + a 2 . We can combine the scalars into complex coordinates z s on each T 2 , with s = 1, 2, 3. In terms of these degrees of freedom, the identification that follows from (3.2) is z s ∼ z s α bs N . In order to preserve SUSY, we must have b 1 + b 2 + b 3 = 0 mod (N). The Z Z N must act crystalographically on the lattice defining the torus. All possibilities have been classified in [28] . Each T 2 is defined by
where r s is the corresponding radius. In order to completely determine the Z Z N action, we must also specify how its generator, θ, acts on the Chan-Paton (CP) factors of the various (Euclidean) D-branes. This action is encoded in a matrix that, for each kind of brane, takes the form
where 1 n i denotes the n i -dimensional identity matrix.
Since we are interested in orientifolds, due to the possibility of then lifting unwanted extra fermionic zero modes of the instantons in our setups, we further quotient by Ω(−1)
Depending on the orbifold action, some of these O-planes may also sit on top of orbifold fixed points. Furthermore, each O-plane has two possible RR charges. In this paper we will only consider the case in which all O3-planes have negative RR charge (and hence lead to SO and antisymmetric projections of vector and chiral multiplets, respectively). In any compactification, there are global and local consistency conditions corresponding to cancellation of untwisted and twisted RR charges, respectively. Due to the presence of the 64 O3-planes, cancellation of untwisted or global tadpoles reads
with the net number of other Dp-branes vanishing.
14 When D3-branes sit on top of an orbifold fixed point that does not coincide with an O-plane, twisted or local tadpole cancellation requires
for each element θ k , k = 0, . . . , N − 1, of the orbifold group.
The same expression applies for the case of an anti D3-brane. If the fixed point coincides with an O-plane, the expression changes to These two conditions ensure cancellation of gauge anomalies in the corresponding gauge theories. In the discussion above, we take the convention of counting RR charges in the covering space. There are various possibilities for locating D-branes: they can sit at orbifold fixed points, O-planes or in the bulk. However, they must be in configurations that are symmetric under both the orbifold and orientifold groups.
E3-brane instantons
Consider an E3-brane in the class of geometries we have described above. The CP matrix will have the general form
Let us take an instanton wrapping z s = const and intersecting a stack of D3-branes at an orbifold fixed point. In this case, the fermionic zero modes in the E3-D3 sector were computed in [27] . The result is
Furthermore, the instanton has four additional neutral fermionic zero modes due to the accidental N = 2 SUSY of the E3-E3 sector. As discussed above, a simple way of projecting out the two accidental neutral zero modes is by placing the E3-brane on top of an orientifold with an O(1) projection. Since the orientifold acts by conjugating the CP matrix, this determines 
The last remaining ingredient in our description of the E3-branes is to give an explicit embedding of their worldvolumes in our orientifolded T 6 /Z N compactification.
In order to do this, let us first go to the covering space of the orbifold, the orientifold, and the torus. The total covering space is C 3 , and we will consider E3-branes wrapping divisors
We define compatibility with the T 6 projection given in (3.3) to mean that the E3-brane wraps a non-trivial closed curve, i.e., an element of the 4-homology group, H 4 (T 6 ). This fact requires
with the n s relatively prime. One easy way to see this is to note that a basis of mutually holomorphic embeddings is given by
Hence, the integers n s give the wrapping numbers with respect to this basis. For all the n s 's coprime, the wrapping numbers are simply
The volume of a curve, Σ, wrapped by some E3-brane is then given by
Next, let us consider the action of the orbifold group on E3-branes. The geometric action was given in the discussion immediately following (3.2) and is reproduced below z s ∼ z s α bs N (3.18) where N = 1 SUSY requires b 1 + b 2 + b 3 = 0 mod (N). The cycle wrapped by the instanton may or may not be invariant under the orbifold group. For generic cases in which all the b s 's are different, the only invariant cycles are given by the Σ s . In the examples below, we will take the orbifold action to be b = (−1, −1, 2) ∼ (2, 2, 2) for N = 3 and hence any cycle of the form
is orbifold invariant so long as
up to identifications (i.e., up to the toroidal shifts in the z i ). Note that for b = (−1, −1, 2) and N = 3, however, the only orbifold invariant cycles are given by n 1 , n 2 ∈ Z, n 3 = 0 or n 1 , n 2 = 0, n 3 = 1.
In general, for non-invariant cycles, we must include N − 1 additional image E3-branes. We can further divide the orbifold non-invariant cycles into two groups. On the one hand, we have those cycles that go through orbifold fixed points. In this case, the image E3-branes intersect, giving rise to additional neutral fermionic zero modes that must be lifted in order for the E3-brane to contribute to the action. This can be achieved, for example, in compactifications with fluxes. On the other hand, we have non-invariant cycles that do not pass through orbifold fixed points. In this case, the E3-brane images are spatially separated, we do not get additional zero modes and a superpotential is generated.
Finally, let us consider the orientifold action. Since we want an O(1) instanton (at least for generating holomorphic soft terms), the cycle wrapped by the E3-brane must be mapped to itself under the geometric part of the orientifold action
Plugging this action into (3.13), we see that the cycle is invariant if and only if
up to identifications.
As an aside, note that the volumes of the orientifold and orbifold invariant cycles are then given in the quotient space by (3.17) divided by a numerical factor
where the factor of 4 3 is due to the orientifold and the factor N 3 is due to the orbifold. The volume of orientifold invariant cycles that are not invariant under the orbifold group are given by (3.23), but without the 1/N 3 factor. Now, given an instanton wrapping a particular cycle characterized by some coefficients, n s , subject to the constraints just discussed, we would like to understand which operators are generated when the instanton intersects a spacefilling D3-brane. By simple worldsheet CFT arguments, the resulting R-sector fermionic zero modes must have Dirichlet-Dirichlet boundary conditions and hence are in the complex dimension transverse to both the E3 and the D3. For concreteness, then, we see that an E3-brane wrapping z s = const must couple to the adjoint, Φ s , of the D3-brane. If this D3-brane sits at an orbifold fixed point, then the E3-D3 zero modes couple to the bifundamental X s ij determined by (3.12).
More generally, instantons with worldvolume given by a linear combination with various coefficients, n s , non-zero generate couplings to operators made out of the corresponding combinations of fields. In other words, the orientation of the instanton selects the type of bifundamentals that form the operator. After performing the zero mode integral, the orientation of the instanton then picks out a chiral gauge invariant of the same orientation.
As a final point, let us consider more specifically the possible forms of the cycles wrapped by mediating instantons. Given a hidden and a visible sector, more than one instanton can connect them. For simplicity, let us consider the situation in which one of the sectors is located at the origin, as will happen in our examples below. This implies that we can set v = 0 in (3.13). The position of the other sector is (h 1 r 1 , h 2 r 2 , h 3 r 3 ), with h s ∈ C. As explained above, we can discard orbifold non-invariant 4-cycles that go through fixed points. In the absence of a mechanism that lifts the additional zero modes (as is the case in our examples), they do not generate mediating interactions.
For concreteness, let us now assume the orbifold form b = (−1, −1, 2) ∼ (2, 2, 2) for N = 3. For setups with (h 1 , h 2 , h 3 ) ∼ (0, 0, h 0 3 )-where '∼' means, 'up to identifications of the T 6 action'-we see that the orbifold invariant cycles going through both the visible and hidden sectors are given by
where we generate solutions n i by substituting h 1,2 = 0, h 3 = h 0 3 and also substituting values related to these by the action of the T 6 . If all the h i = 0, then a similar discussion applies.
Any solution to this equation with n 1 , n 2 , n 3 ∈ Z Z defines a cycle wrapped by a mediating instanton. In general, there is more than one such solution. In practice, due to the exponential suppression, we are only interested in the solutions with the smallest volumes.
The Z Z 3 orientifold
A simple way to achieve three generations and generate a crude zeroth order approximation to the Standard Model in the context of D-brane at singularities is via a Z Z 3 orientifold. Consequently, we will base our explicit examples on this case, keeping in mind that other geometries allow for more realistic visible sectors and interesting hidden sectors (see for example [26, 29, 30, 31] ). For later reference, we devote this subsection to a more detailed presentation of the Z Z 3 case. A similar general discussion of some of the results for the Z Z 3 orbifold appears in [32] .
We take the (SUSY) orbifold action on the fermions to be given by (a 1 , a 2 , a 3 , a 4 ) = (1, 1, −2, 0). From this data, we determine the action on the three complex planes to be given by (b 1 , b 2 , b 3 ) = (−1, −1, 2) . This model contains 27 orbifold fixed points. Their positions are (z 1 , z 2 , z 3 ), with z s = 0,
. In what follows, we refer to these points as 0, +1 and −1 respectively. Out of the 64 O3-planes, only the one at the origin, (0, 0, 0), coincides with an orbifold fixed point. Note that the orientifold action leaves z s = 0 invariant and interchanges z s = ±1.
Given this discussion, we can write down the general solutions to the twisted tadpole cancellation equations (3.7) and (3.8) at orbifold fixed points. Since the orbifold fixed points at (z 1 , z 2 , z 3 ) = (0, 0, 0) do not coincide with an O-plane, they must satisfy (3.7). The general solution reads
The resulting gauge theory has a U(N)×U(N)×U(N) gauge group and matter content
(1, ,¯) X 
This results in a gauge theory with an SO(N)×U(N +4) = SO(N)×SU(N +4)×U(1) gauge group, with matter transforming as
where s = 1, 2, 3. There are mixed anomalies and the U(1) factor becomes massive due to B ∧ F couplings. The superpotential is given by
The gauge theory of N D3-branes sitting on an O-plane that is not at an orbifold fixed point is N = 4 SYM with SO(N) gauge group and three antisymmetric chiral fields A n . The superpotential in this case is
Let us now consider the couplings generated by an E3-brane instanton. Equation (3.12) gives the fermionic zero modes between the instanton and the (fractional) D3-branes in either the hidden or visible sectors. Specializing to the case at hand, we get fermionic zero modes transforming in the 1 and 2 representations for instantons wrapping z s = 0, for s = 1, 2, 3. The subindices 1 and 2 of the representations denote the quiver nodes associated with the α and α 2 blocks of the CP matrix. As a result, any instanton corresponding to a general linear combination of the form (3.13), generates a coupling of the form 32) where the second possibility corresponds to the case in which nodes 1 and 2 are identified by the orientifold. X 12 and A in the previous expressions correspond to the linear combinations of X s 12 and A s that are determined by (3.13) . We see that the instanton generates couplings involving only fields connecting nodes 1 and 2 (before orientifolding) in both hidden and visible sectors. For this reason, we are interested in hidden sectors in which operators made out of X 12 or A have a non-zero F-term.
Similar reasoning applies to the case of D3-branes on O-planes that are not orbifold fixed points. In fact, we can simply take the general expressions for Z Z N orbifolds and set N = 0. The instanton generated superpotential is, once again, 33) with A the linear combination of antisymmetrics associated with the specific instanton embedding.
For D3-branes over orientifolds (either on orbifold singularities or not), the instanton generated coupling is non-zero only when the SU(n) gauge group has even n, since the determinant of an odd order antisymmetric matrix vanishes. This is true if the corresponding sector is either the visible or the hidden sector. For even n, det A is a perfect square, and the following way of writing its square root is sometimes convenient
..an A a 1 a 2 . . . A a n−1 an := Pf(A) . (3.34)
Examples
In this section we present explicit models of D-instanton mediation involving different classes of hidden sectors. Our goal is to provide illustrative examples that show how D-brane instantons can communicate SUSY breaking rather than constructing models with fully realistic visible sectors. In sections 5 and 6 we discuss some possible directions for constructing more elaborate models.
Dynamical SUSY breaking hidden sector
In this subsection we present a model in which the hidden sector breaks SUSY via some non-abelian gauge dynamics. We consider the Z Z 3 orientifold of section 3.2. We place the hidden sector on top of the orientifold singularity at the origin, with CP matrix given by taking N = 0 in (3.28), i.e.
The resulting gauge theory has an SU(4) × U(1) gauge symmetry and three fields A i in the 2 . TheQ s 's from (3.29) are absent and hence there is no tree-level superpotential.
Let us forget about the U(1) factor for the moment. This model has been considered in [32] . It can be alternatively viewed as an SO(6) gauge theory with three flavors of quarks in the vector representation. The theory is strongly coupled in the IR. 15 The low energy theory has two physically inequivalent phase branches [43] . On one of them, a non-perturbative superpotential is generated
with M, the symmetric (over the SU(3) flavor indices) meson matrix. SUSY is broken on this branch with runaway along M. The previous expression can be written in terms of the antisymmetrics of SU(4). For diagonal M, we obtain
Reintroducing the U(1) factor, the scalar potential contains a D-term contribution of the form
where ξ is a dynamical FI term, which is related by SUSY to the B ∧ F coupling that makes the U(1) massive. If there is a mechanism stabilizing all Kähler moduli, ξ becomes a fixed parameter and (4.4) cures the runaway, producing a non-SUSY vacuum.
For the purpose of illustration, we content ourselves with the fact that, regardless of whether the runaway is stabilized or not, there is a non-vanishing F M on this branch.
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The second branch has no non-perturbative superpotential and a quantum moduli space of vacua. The theory confines without chiral symmetry breaking. Since there is no non-perturbative superpotential, SUSY is not broken on this branch. Our visible sector is a trinification model, a simple extension of the SM that has been investigated in the model building literature [33] . We place it at (1, 0, 0), with its orientifold image at (−1, 0, 0). Its CP matrix corresponds to taking N = 3 in (3.25). We get
This produces an SU(3) × SU(3) × SU(3) gauge theory with
(¯, 1, ) (4.6) with i = 1, 2, 3 and superpotential is
The model is not fully realistic. For example, it does not contain the higgs fields that are necessary to break two of the SU(3)'s down to SU(2) × U(1). Assuming r 1 ∼ r 2 ∼ r 3 , the two smallest-volume mediating instantons wrap z 2 = 0 and z 3 = 0. There are additional orbifold invariant 4-cycles connecting the hidden and visible sectors, but contributions from instantons wrapping these cycles are highly suppressed since they have larger volume. From (3.27) and (3.30), our leading-order mediating instantons generate the following superpotential
where the orientation of the mediating instantons projects onto gauge invariants of the SUSY breaking hidden sector theory that acquire F-term vevs on the branch with the non-perturbative superpotential given in (4.3). Therefore, (4.8) gives rise to the following A-terms
where specializing for θ = 0 indicates that we take the scalar component of the visible sector chiral superfields. For simplicity, in this section and the next one, we ommit obvious powers of M s and the dynamical scale Λ of the hidden sector, which are necessary for expressions to have the correct dimensionality. Note that these A-terms correspond to couplings between the Higgs fields and the sleptons. Analogous Yukawa couplings are also generated non-perturbatively by other D-brane instantons (see discussion below). Our hidden sector and visible sector (plus image) involve 26 D3-branes. We can cancel untwisted tadpoles (3.6) without spoiling the nice features of our model by placing the 6 additional D3-branes in sets of two over the O3-plane at (
r 2 ) and its two Z Z 3 images.
Polonyi hidden sector
Another exciting direction is the possibility of having a simple field theory hidden sector that breaks SUSY without involving non-abelian gauge dynamics, along the lines of [14] . 17 A remarkably simple possibility is to engineer a Polonyi model. This construction is very general and can easily be part of more complicated setups. Because of this, we consider it deserves to be discussed first, independently of the details of the full compact model. 
Engineering a Polonyi model
The configuration we want to consider consists of an O3-plane and a single D3-brane separated from it, with an E3-brane connecting them. Without loss of generality, we can assume that the E3-brane wraps the z 1 = 0 cycle. 18 The setup is sketched in Figure 4 , where we have also included the image D3-brane.
The gauge theory on the D3-brane is N = 4 U(1) SYM with three chiral superfields Φ s . The Φ s transform in the "adjoint" representation, which is trivial for U(1) (i.e. they are neutral fields). As a result, the beta function for the gauge coupling is zero and we can tune the gauge coupling to be arbitrarily small. In addition, the N = 4 superpotential (3.31) vanishes.
If the CP projection on the E3-brane is O(1), it induces a coupling
This is precisely a Polonyi model superpotential and SUSY is broken by F Φ 1 = 0. Of course, other instantons contribute to the superpotential. However, by considering the effect of only the z 1 instanton, we are implicitly assuming that r 1 ≫ r 2 , r 3 . As usual in Polonyi models, Φ 1 is a classically flat direction. Its stability depends on the details of the full model. The same comments apply to the construction we present below. This is a question that certainly deserves more study in our concrete setups. Let us now investigate what happens if we collapse the D3 and D3 ′ on top of the O3-plane. To avoid a chiral theory on the D3-branes, we further assume that the O3-plane is not at an orbifold fixed point. The configuration is shown in Figure 5 .
The resulting gauge theory is N = 4 SO(2) SYM, with three chiral superfields A s in the antisymmetric representation. Once again, the beta function for the gauge coupling vanishes and can thus be tuned to any desired value. 19 As before, we exploit this fact to make the gauge coupling small so it can be neglected. The antisymmetric representation of SO (2) is trivial and the A s have the general form
Then, the N = 4 superpotential (3.31) vanishes. If the E3-brane has an O(1) CP projection, it generates a coupling
A square root appears in (4.12) as opposed to (4.10) because, in this case, the E3-D3 and D3-E3 fermionic zero modes are identified by the orientifold projection.
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In our opinion, this simple realization of a Polonyi hidden sector is interesting in its own right, independently of which mechanism mediates SUSY breaking.
Notice that the superpotential terms generated in this section are not perturbatively forbidden by any U(1) symmetry. The appearance of a non-perturbative superpotential determined by the zero of the E-brane embedding is an example of Ganor's zeros [36, 37] . In [36] the ADS superpotential of N f = N c − 1 SQCD was generated along these lines. In that case, the effect is due to a gauge theory instanton since the flavor D7-branes and the E3-brane are wrapped over the same 4-cycle. In our setup, D7-branes are not present and the effect is purely stringy. In section 6, we discuss similar operators in more general models.
A full model: visible sector and mediation
We now use a hidden sector of the type just described as a part of a simple compactification. We consider the Z Z 3 toroidal orientifold of section 3.2. In this case, we will use D-brane instantons not only for mediating, but also for generating SUSY breaking. This fact gives rise to constraints on the relative sizes of the tori that are necessary for the model to work. SO(2) = U (1) and the antisymmetric representation corresponds to a neutral field. 20 It is interesting to consider what happens for a single D3-brane on top of the O-plane. The coupling (2.3) vanishes identically due to anti-commutativity of α which, in this case, is one dimensional.
We engineer a Polonyi hidden sector by placing two D3-branes on top of the O3-plane at (
is generated by the E3-brane at z 1 /r 1 = 1/2. This term is the dominant contribution to the superpotential involving hidden sector fields provided that r 1 ≫ r 2 , r 3 since this condition guarantees that V (Σ 1 ) ≪ V (Σ 2,3 ). Notice that although the cycle wrapped by this instanton is not invariant under the orbifold group, it does not intersect its images and hence there are no extra zero modes. Following the discussion in section 3.1, it generates a non-vanishing contribution. Next, let us think about where to locate the visible sector. Note that in order not to spoil the generation of the Polonyi superpotential, the instanton wrapping z 1 /r 2 = 1/2 must not intersect the visible sector. A particularly simple choice, then, is to locate the visible sector on top of the orientifold singularity at the origin, (0, 0, 0). As our visible sector, we will choose an interesting GUT-like model that can be engineered as follows [27] . We take N = 2 in (3.28)
This gives rise to a theory with U(6) × O(2) gauge group and chiral multiplets transforming as 3 (15, 0) + 3 (6, +1) + 3 (6, −1) .
(4.15)
Under the SU(5) subgroup of U(6), these representations decompose as 15 = 10 +5 and 6 = 5 + 1, giving rise to three SM generations (10 + 5) and three sets of higgs fields (5 +5). 21 As it stands, this model is not fully realistic since it does not contain the Higgs field necessary for breaking the GUT group.
Let us now consider the mediating instantons. In order to couple to F φ 1 , the embedding equation of a mediating instanton must involve z 1 -i.e., the orientation of the instanton must project onto the SUSY breaking part of the hidden sector. However, since the hidden sector is located at the origin, the equation must also involve z 2 and/or z 3 . Notice that this geometric fact immediately implies that the mediation term will be a small perturbation of the Polonyi superpotential, since an equation involving z 2, 3 requires that the instanton wrapping numbers on the much larger cycles Σ 2,3 cannot both be zero. Hence, a simple choice for a cycle wrapped by a mediating instanton is to take
with volume
where we explicitly see that the mediating instanton will have large volume compared to the Polonyi instanton since
What about additional instantons connecting the two sectors? In general, the answer is quite complicated but can be worked out in detail. However, for simplicity, we will further assume that
Note that (4.18) is assumed in addition to the assumption that V (Σ 1 ) ≪ V (Σ 2,3 ). We can explain the motivation for (4.18) in a general context. Consider two instantons with comparable volumes V ∼ V ′ . The relative suppression of their contributions is given by e −V ′ /e −V . We see that small differences in the volume are exponentially enhanced. Equation (4.18) amounts to requesting that e −V ′ /e −V ≪ 1. Under these conditions, the four leading-order mediating instantons in this approximation wrap
Thus, the superpotential from each of these mediating instantons is
whereĀ i are the three (15, 0) fields in the visible sector. While φ 1 /r 1 ≪ φ 2 /r 2 in the hidden sector piece, it is only φ 1 that gets a non-vanishing F-term and contributes to the soft terms. We get the following A-terms from each of the instantons 22) where the cycle wrapped by the Polonyi instanton is Σ 1 and where we have defined A = (A 1 /r 1 ± A 2,3 /r 2,3 ). For simplicity, we have omitted an obvious r 1 and r 2,3 dependent normalization of (4.21) and (4.22) . As an aside, note that these A-terms contain couplings between the Higgs fields and the U-type squarks. The corresponding Yukawa couplings are also generated by D-instantons (see discussion below). The configuration is still missing 12 D3-branes in order to cancel untwisted tadpoles. A simple way of completing the model without spoiling the features we have just discussed is by placing 6 D3-branes with CP matrix
at each of the (±1, 0, 0) orbifold fixed points.
Phenomenology and instanton orientation
The visible sectors we have discussed in the models above are deliberately simple and, as a result, unrealistic. For example, as we have mentioned, we do not even have all the Higgs fields necessary to break to the SM gauge group. However, motivated by the fact that our theories contain three generations of matter with various Yukawa couplings (among them the Yukawa couplings of the MSSM) and noting that our instantons generate various A-terms for the visible fields, we are led to ask a very simple question: are the A-term matrices, A i , and Yukawa coupling matrices, Y i , aligned?
The main phenomenological motivation for this question is that alignment of these matrices guarantees suppression of potentially troublesome Flavor Changing Neutral Currents (FCNCs) contributions from the A-terms. In particular, if A i ∼ k i Y i we say the matrices are aligned. This implies that the A-term contributions to the FCNC processes responsible for reactions like K 0 →K 0 are highly suppressed (though not absent).
Before proceeding, we should make two clarifying points. First, even if we can align the A-terms and Yukawas, we should emphasize that there are still other soft terms that could generate FCNCs, like the non-holomorphic part of the squark mass matrix. Since we have only discussed non-holomorphic mass generation by instantons in the case of squarks and sleptons charged under abelian symmetries (note however footnote 8), we will simply assume that the physics responsible for the non-holomorphic squark mass generation in the examples is flavor blind. Finally, let us also point out that demanding A i ∼ k i Y i is generally a sufficient but not necessary condition for suppressing FCNC contributions from A-terms. Indeed, we will also consider the less restrictive condition that the A-terms and Yukawas are simply mutually diagonalizable. This scenario also leads to suppression of FCNC contributions under a rather broad set of conditions. Giving a precise answer to the question of whether or not the A-terms and Yukawas are diagonal in the same basis or, more restrictively, whether A i ∼ k i Y i in our setups depends on stabilizing the various moduli of our compactification. However, as we will see, we can give an interesting heuristic answer to this question with no additional assumptions beyond those we have already made. Furthermore, this discussion will point us to other potentially interesting constructions. In particular, we will continue to assume that the complex structure moduli dependence of the instanton-induced operator coefficients can be treated as insignificant O(1) factors and that the volume (Kähler) moduli can indeed be dynamically set to the rough values and hierarchies we take.
Let us focus our discussion on the example with the U(6)×SO(2) visible sector and Polonyi hidden sector. Furthermore, we will focus on the same region of moduli space as in the discussion above. Namely, we will assume a particular hierarchy r 1 ≫ r 2,3 , so that
This corresponds to a region of moduli space where it costs a significant amount of action to go from an instanton with a particular set of wrapping numbers to a configuration with one of the wrapping numbers increased by one. Now, let us discuss the Yukawa couplings of the U(6) × SO(2) visible sector. Note that the Yukawa couplings of the visible sector are of two types. The first type are perturbative couplings from the tree level quiver superpotential and are of the form
The second type of terms are non-perturbative Yukawa couplings generated by Dinstantons and are of the form
in our approximation. We have used the shorthand (
As mentioned in the example, these non-perturbative Yukawas give rise to the u-type quark couplings [27] .
By comparing (4.22) with the Yukawa couplings we have just described above, it should be clear that the A-term and Yukawa matrices are highly non-aligned. Indeed, it is not hard to see why this is the case. First of all, the mediating instantons do not generate A-terms that correspond to the perturbative Yukawas since the perturbative superpotential comes from closed paths in the quiver, while the instanton-induced terms come from open paths (which we define to include two-tensor field loops at the same node). Note that this lack of A-terms corresponding to the perturbative Yukawa couplings is not a problem since it does not affect the mutual diagonalizability of the Aterms and Yukawas. Furthermore, if we want, we can presumably generate such terms by going to regions of the moduli space where instanton mediation and e.g. gauge or anomaly mediation are comparable in strength-these other mediation mechanisms will generate the 'perturbative' A-terms in a flavor blind way.
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Thus it remains only to discuss the mutual diagonalizability and alignment of the instanton-induced A-terms with the non-perturbative Yukawas. Notice that these couplings, like the corresponding A-terms, cannot be generated perturbatively since they violate the anomalous U(1) factor of the U(6) node, and so they must be generated by a non-perturbative effect like D-brane instantons. Examining our above results, it should be obvious that though the A-terms and non-perturbative Yukawas are not aligned, they are mutually diagonal!
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Let us press on and try to understand the lack of alignment between the A-terms and the Yukawas. This goal is useful because a better understanding of this lack of alignment will lead us to a slightly more interesting characterization of D-brane instantons that may serve as a simple guide in building more complicated models.
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To that end, note that the non-perturbative Yukawas we have written above are generated by the instantons wrapping the cycles z i = 0 with the dominant contribution coming from the instanton wrapping z 1 = 0. We can then see a more general geometric reason for the lack of alignment in the non-perturbative sector of the theory: since the orientation of the instanton picks out the flavor of the fields it couples to, in order to have alignment of the A-terms and the Yukawa couplings, the orientations of their generating instantons must also align. It is rather easy to see this is not possible by the following simple argument. Suppose we could choose a Yukawa generating instanton to align with an A-term generating instanton. Then, the two instantons would share a common normal T 2 which we denote T 2 N . On T 2 N , the Yukawa and mediating instanton worldvolumes are localized at points x Y and x M = x Y respectively. Since the mediating instanton intersects both the hidden and visible sectors, both of these sectors must also be localized at x M . 25 Hence, the Yukawa instanton cannot intersect the visible sector and no term is generated. Still, one might hope that it is possible to approximately align the instantons and hence circumvent our previous argument. 22 We will briefly discuss the possibility of also generating such soft terms via instantons in the next section.
23 A similar conclusion applies to our first model. 24 Another motivation is that we could presumably have considered moving the visible sector in the first example from (1, 0, 0) to (1, 1, 1) while keeping the hidden sector fixed at the origin. If we again assumed r 1 ∼ r 2 ∼ r 3 , then the A-terms and Yukawas would not have been mutually diagonal. 25 This last statement need not apply in cases involving D7 branes.
The situation seems better when some of the cycles are small since then one could hope to find greater alignment by considering instantons that differ by wrappings on these small cycles. This is not the case if one of the two instantons does not wrap the small cycle. For example, consider r 1 ≫ r 2 and two instantons, wrapping z 1 = 0 and z 1 /r 1 +n z 2 /r 2 = 0 (with n ∈ Z Z), respectively. While it is true that not only both cycles are almost aligned but also their volumes are very similar, the generated A-terms and Yukawa couplings are very different. This is because the first instanton generates a term involving only A 1 , while the second one gives rise to a contribution which mostly depends on A 2 .
A broader definition of instanton orientation
One potentially interesting solution to the lack of alignment between the mediating and Yukawa instantons is to realize that we have been considering particularly simple instantons-those that are invariant under the orientifold and therefore carry an O(1) CP bundle. These instantons are interesting since the orientifold lifts additional neutral fermionic zero modes that would otherwise lead to a vanishing contribution to the Aterms and Yukawa couplings. However, if we are willing to consider, for example, using fluxes to lift the extra neutral zero modes of the E3 branes, then we are free to consider instantons with a U(1) CP bundle. In particular, these instantons can have non-trivial CP orientation given by
Therefore, such an instanton carries two orientations: the geometrical orientation we have discussed above and the CP orientation just described. 26 We can use this richer structure to align the instantons geometrically by noting that
• The (untwisted) geometrical orientation controls which flavors the instanton couples to.
• The CP orientation controls which gauge nodes the instanton interacts with.
Hence a simple way to potentially align A-terms and Yukawa couplings is to take their generating instantons to wrap the same cycle but give the instantons different CP orientation. This means that the instantons will couple to different nodes in both the hidden and visible sector. By considering an orientifolded visible sector, it is possible to identify the different nodes so that the operators the instantons generate are the same in the visible sector. If, however, we take the hidden sector to be non-invariant under the orientifold, then we could imagine the situation in Figure 6 , where the mediating instanton couples to fields responsible for SUSY breaking, while the Yukawa instanton couples to empty nodes and hence generates a term without hidden sector fields (note that there are no additional zero modes going between the Yukawa instanton and the hidden sector and so one does not have to worry about a vanishing contribution to the effective action). This strategy may work in higher-order orbifolds and their partial resolutions or in situations where one considers multiple orbifolds of a given space. It would be interesting to find an explicit construction realizing this idea.
Further possibilities
We have deliberately kept the previous examples as simple as possible, only using D3-branes on toroidal orientifolds. There are various refinements that can be introduced in order to obtain more interesting models. We now mention a few of them. It would certainly be interesting to explore model building along these more general lines.
One such extension consists of considering not only orbifold but more general singularities. A practical way of generating many examples of this sort consists of starting from a large orbifold group, for example Z Z M × Z Z N , and then partially resolving some of the (orientifold) singularities. We can take this approach to generate more general visible and hidden sectors. Consistency is not affected by partial resolution, since can-cellation of twisted and untwisted tadpoles is preserved in the process. The resulting turning on of background values for the twisted Kähler moduli might also have some interesting effects on the instanton dynamics.
Another illuminating avenue might be to consider more general compact geometries than T 6 , since in the case of T 6 we have a very simple untwisted cohomology structure. This limited structure can be interesting in the sense that we can then see clear and rather simple connections between completely different physics as in the second example where the need to break SUSY required a certain hierarchy of scales that then was imprinted on the A-terms and the u-type Yukawas. 27 On the other hand, such a geometry may be unduly restrictive when trying to generate different models of phenomenological interest that avoid troublesome aspects like large FCNCs.
Another possibility is that the compactification might also involve some anti Dbrane sectors, which give rise to additional sources of SUSY breaking.
A further extension might be to introduce D7-branes (and anti D7-branes as needed to cancel untwisted tadpoles). D7-branes have various useful applications. For example, they are necessary in simple supersymmetric extensions of the SM based on D-branes at singularities [26] . They can also give rise to simple metastable SUSY breaking hidden sectors [38, 39] .
Also, it should be rather simple to construct models that generate B-terms as well. It might then be interesting to study the µ/Bµ problem in this context.
An direction worth pursuing is to consider more general kinds of E3-brane instantons than those we have considered in the examples. One avenue is to turn on fluxes as a means of both stabilizing the complex structure moduli of the geometry and of lifting the accidental zero modes of the instantons. Also, considering E3-branes with nontrivial gauge bundles would also potentially be interesting, and one could then make contact, via T-duality, with the study of instanton stability and dynamics across lines of marginal stability in the moduli space discussed in [21] . A detailed investigation of these topics may lead to a richer set of examples of instanton-generated soft terms and also to a better understanding of instanton-mediation in the closed string picture.
We have focused on D-brane instantons wrapping 4-cycles of the form (3.13), which produce operators made out of a some linear combination of bifundamental fields connecting a single pair of nodes in the quiver. In general compactifications, as we mentioned briefly in section 2.1, we can expect to generate operators of the form (2.2) (and generalizations for cases with orientifold identifications), for X ij being an arbitrary oriented path in the quiver X ij = X i k 1 X k 1 k 2 . . . X knj . These more general operators expand the range of model building possibilities, for example relaxing the conditions for quadratic and cubic superpotential terms listed in section 2.3. In local constructions, i.e. leaving aside the issue of how 4-cycles are completed in a compactification, the question of which 4-cycles are wrapped by the corresponding instantons can be understood in detail. A systematic construction of such embeddings for toric singularities can be found in [45] (see also appendix A of [46] for a relevant discussion in the related context of flavor D7-branes). Figure 7 shows the extended quivers for general instantons in a local C 3 /Z Z 3 singularity. In this paper, we have considered the first possibility.
For closed paths in the quiver, i.e. for i = j, we generate the determinant of a "mesonic" operator X ii . 28 These operators are not perturbatively forbidden by global U(1) symmetries, since they are neutral under all of them. The corresponding instanton contains vector like fermionic zero modes α and β (see e.g. Figure 7 .c), whose mass is controlled by X ii according the action term (2.1). In other words, X ii measures the distance between the D3 and the E3. The couplings in [47] are examples of such "mesonic" operators. Our mechanism can be regarded as the open string channel interpretation of the closed string gravitational exchange in [47] .
Conclusions
In this paper we have described a new way of generating soft terms in string compactifications. It is quite interesting to note that instanton mediation has aspects of both open and closed string mediation. On the one hand, it is not sensitive to global U(1) symmetries that constrain (low energy effective) open string mediation, but on the other it is sensitive to the chiral gauge invariants of the various sectors in the theory-in particular, certain hidden sector theories seemingly can never communicate their SUSY breaking to the visible sector via instantons since in these cases instantons project onto trivial chiral gauge invariants.
29
In any case, we hope to have given a flavor of instanton mediation in this paper, and we leave it to future work to resolve the various outstanding questions we have raised and find more complete realizations of the ideas we have discussed. Above all, though, we simply hope to have illustrated the point that instanton-mediated physics between various D-brane sectors is rather generic in string compactifications and may serve as a phenomenological constraint on string model building.
